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Abstract
Artificial lipid-bilayer membranes are valuable tools for the study of membrane structure and 
dynamics. For applications such as studying vesicular transport and drug delivery, there is a 
pressing need for artificial vesicles with controlled size. However, controlling vesicle size and 
shape with nanometer precision is challenging and approaches to achieve this can be heavily 
affected by lipid composition. Here we present a bio-inspired templating method to generate 
highly monodispersed sub-100nm unilamellar vesicles, where liposome self-assembly was 
nucleated and confined inside rigid DNA nanotemplates. Using this method we produced 
homogenous liposomes with four distinct pre-defined sizes. We also show that the method can be 
used with a variety of lipid compositions and probed the mechanism of the templated liposome 
formation by capturing key intermediates during membrane self-assembly. The DNA 
nanotemplating strategy represents a conceptually novel way to guide the lipid bilayer formation, 
and could be generalized to engineer complex membrane/protein structures with nanoscale 
precision.
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Introduction
Cell membranes are tremendously complex in structure and function. They define cellular 
compartments and mediate biomolecule transport. A central task of cell biology is to 
elucidate the interplays between lipid bilayers and other molecules (e.g. protein) that drive 
membrane dynamics and govern cell behaviors1. Using an artificial membrane with well-
defined properties is a powerful approach to analyze sophisticated cellular machinery in a 
controlled system with reduced complexity2. Engineering a customized lipid bilayer 
membrane is also an intriguing goal in biotechnology, which can open up opportunities such 
as drug delivery and biosensing3–5.
An abundance of methods have been developed to create artificial membranes, especially in 
the form of unilamellar vesicles6,7. Manufacturing lipid vesicles generally include the 
following three steps: first, lipids are dissolved in a good solvent (e.g. oil, chloroform, 
aqueous solution with detergent) where they are dispersed as single molecules or small 
aggregates (e.g. micelles); second, lipids are transferred into detergent-free aqueous solution 
to allow the self-assembly of bilayer membranes that eventually form vesicles. This can be 
achieved in a number of ways including drying/rehydration, dialysis and reverse phase 
evaporation8–11. Tuning the experimental conditions at this stage is often effective to 
generate vesicles with desired properties12–16. Third, an external force (e.g. sonication, 
extrusion) can be applied to the vesicles to control their size and improve the 
monodispersity17–20. Despite the breakthroughs for producing vesicles of controlled 
geometry and surface chemistry, existing techniques have one or more of the following 
limitations: (i) it still remains challenging to control the vesicle size (let alone the shape) 
with nanometer precision. (ii) the experimental conditions required for a specific vesicle 
type are often empirically determined and may suffer from batch-to-batch difference. (iii) 
some size-control methods depend heavily on lipid composition, which limits their 
adaptability12. (iv) certain techniques entail the use of specialized experimental apparatus 
that are not readily available to a common biochemistry lab21–23.
Inspired by the protein machineries that sculpt and scaffold the membrane structures in 
cells24, a reasonable hypothesis is that high-precision membrane engineering can be 
achieved in vitro through a similar templating approach25. Previously, DNA has been proven 
as a nanoscale material capable of gluing and fusing pre-assembled liposomes26–28. To 
generate the programmable nanotemplates for vesicles, we took advantage of an emerging 
technique termed “structural DNA nanotechnology”29,30. Through the rational design of 
DNA-strand hybridization, this technique generates self-assembled nanostructures with 
programmable geometry, addressable surface and outstanding structural stability. More 
specifically, we utilized the “DNA-origami”31,32 technique to fold a single-stranded DNA 
(scaffold strand) into customized shape with the help of many DNA oligonucleotides (staple 
strands). We then decorated the interior surface of the DNA-origami nanostructures with 
lipid molecules and used them to guide the formation of liposomes. In this way, we were 
able to obtain a series of highly monodispersed liposomes with sizes designed to be 29, 46, 
60 and 94 nm. The methods also worked nicely on a variety of lipid compositions. Although 
others have successfully produced vesicles with artificial templates surrounded by 
membranes (i.e. endoskeleton)33–35, our method differs in that the DNA-nanostructure 
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worked as the “exoskeleton” and lead to vesicles with controlled size in a wider range and 
potentially with more versatile functions. Furthermore, this system provides a unique tool 
for studying nucleated lipid assembly into a liposome within a rigid template. We studied the 
mechanism of such templated vesicle formation by capturing critical intermediates during 
the bilayer self-assembly.
Results
We designed four different DNA-origami rings (Supplementary Figure S1) and used them as 
templates to define the liposome size. The scheme of the DNA-ring templated liposome 
production is depicted in Figure 1. Taking the 12-helix-bundle ring with 60-nm inner 
diameter for example, the DNA ring was assembled by mixing an 8064-nt scaffold strand 
and 225 staple strands in the molar ratio of 1:6 followed by 36 hours of thermal annealing 
and purified by rate-zonal centrifugation36 (Supplementary Figure S2). A well-folded ring 
carried sixteen 21-nt single-stranded DNA handles spaced evenly along an inner DNA helix 
and pointed toward the center of the ring. It also carried eight evenly spaced outer-handles 
(not shown in Figure 1 for clarity, for more details see Supplementary Figure S3). The inner- 
and outer-handles were designed to have orthogonal sequences. A thiol-modified DNA 
strand complementary to the inner-handle (anti-inner-handle) was chemically conjugated 
with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-
maleimidophenyl)butyramide] (18:1 MPB PE) via thiol-maleimide cross-linking reaction. 
To label the DNA rings with fluorescently modified anti-outer-handles and lipidated anti-
inner-handles, rings were mixed with an excessive amount of anti-handles in a solution 
containing 1% n-Octyl-beta-D-Glucopyranoside (OG) to allow for hybridization. The 
fluorescently labeled DNA ring-lipid complex was subsequently mixed with extruded 
liposomes (~1:188,000 ring:lipid molar ratio) in a solution containing OG at its critical 
micelle formation concentration (CMC) of 0.67% (w/v). The solution was then dialyzed for 
16 hours to allow for detergent removal and liposome formation. Finally, the detergent-free 
solution was loaded to an iodixanol gradient and spun in an ultracentrifuge to separate the 
crude products based on their buoyant density.
The first method we used to characterize our product is gel electrophoresis. As shown in 
Figure 2a, fractions collected after isopycnic centrifugation were resolved on an agarose gel 
with 0.05% Sodium dodecyl sulfate (SDS), which served to disrupt membranes into lipid-
detergent micelles. Because DNA rings and membranes were labeled with Cyanine-5 (Cy5) 
modified anti-outer-handle and Rhodamine(B)-PE (Rhod-PE), respectively, they fluoresced 
in two separate channels (pseudo-colored green and red). The first fraction (least dense, F1) 
contained only free lipid aggregates, without any DNA rings. In the second through seventh 
fractions (F2–F7), DNA rings coexisted with lipids, suggesting the formation of DNA-ring 
associated vesicles. The denser fractions (F8–F12) contained neither DNA nor lipid. In 
contrast, in the absence of inner-handle and/or lipid modified anti-inner-handle 
(Supplementary Figure S4), F8–F12 contained only DNA rings while F1–F7 contained only 
lipids. Therefore, the association between DNA ring and lipid in the final product depends 
critically on the presence of the lipid molecules initially attached to the inside of the DNA 
ring.
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Then we used transmission electron microscopy (TEM) to examine each fraction. A set of 
representative images are shown in Figure 2a (more images can be found in Supplementary 
Figure S5–S6). Under the negative-stain condition, vesicles occupied larger volumes than 
the DNA-origami rings under the uranium stain layer, thus appearing lighter in the grayscale 
images. Fraction 3 and 4 contained mostly “templated vesicle” structures where each DNA 
ring appeared to be completely filled with a liposome. Together, these two fractions 
contained nearly half (~ 58%) of the DNA rings, meaning that such templated vesicles were 
the main product. The byproducts included DNA rings attached to bigger and/or multiple 
liposomes found in F2, and rings with smaller liposomes found in F5–F7. The size 
distribution of liposomes from F2 to F7 is shown in Supplementary Figure S6. It is worth 
noting that the appearance of the vesicles varied considerably across different areas on the 
TEM grid, ranging from a uniformly white circle to a cup-like shape (edges brighter than the 
center). This is likely due to the unevenness of the stain and vesicle dehydration during TEM 
sample preparation; both are common effects known to associate with the negative-stain 
TEM techniques35,37.
Using cryo-electron microscopy (cryo-EM), we confirmed that the templated liposomes 
were spherical and unilamellar. On the cryo-specimen grid, a thin layer of sample was 
rapidly frozen in amorphous ice (~110–140 nm in thickness), which preserved the 
nanostructures in 3D space without staining or fixing38,39. Thus, the DNA ring templated 
liposomes were observed in their hydrated state through various EM projections. To enhance 
contrast, cryo-EM images were taken with two defocuses and merged by a computer 
program40. As shown in Figure 2b, the membranes appeared as dark annuli with widths of 
5.28 nm ± 0.54 nm regardless of the EM projection, proving that the liposomes were 
spherical and unilamellar. On the other hand, the DNA rings surrounding the liposomes 
appeared as light gray tracks with different shapes (e.g. line, ellipse and circle) depending on 
the EM projection angles, consistent with our design. In many cases, the DNA ring appeared 
to occupy the equatorial plane of the liposome, much like Saturn. The vesicle size was 
measured to be 50.0± 4.6 nm (Supplementary Figure S7) using cryo-EM, which was ~8 nm 
smaller than that measured by negative-stain TEM (58.1±8.3 nm). This small discrepancy 
can be attributed to the vesicle dehydration and deformation during the negative stain 
process.
We applied similar protocols for sample preparation, purification and characterization to the 
other three DNA rings with inner diameters of 29, 46 and 94 nm. Gel electrophoresis 
(Supplementary Figure S5) and TEM analyses (Figure 2c & Supplementary Figure S8) 
confirmed that the main product in each case was the templated liposome with its diameter 
closely matching the inner diameter of the DNA ring (22.1±2.5 nm, 45.5±4.4 nm and 
94.6±7.4 nm). We further confirmed the homogeneity of the templated vesicles by fitting 
their measured diameter histograms with Gaussian distribution curves (Figure 2d). In each 
case, at least 85% of the liposomes were within a homogenous population with the expected 
size, while a minor population (<15%) appeared to be smaller in diameter, possibly due to 
the contamination during fractionation. Compared to liposomes generated by the traditional 
extrusion method (Supplementary Figure S9), these DNA-nanostructure templated 
liposomes feature size predictability (liposome diameter matches better with the design) and 
superior monodispersity (a more homogenous population with smaller standard deviation). 
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See Technical Notes in SI for a comparison of monodispersity with other established 
methods.
To test the versatility of our method, we made liposomes using the same 60-nm ring as 
template but with different lipid compositions. As shown in Table 1, the cylindrical and 
electrically neutral lipid DOPC was used as the main lipid source for most conditions. 
Results presented in Figure 2 were produced using ~80% DOPC, 5% PEG-2k-PE and 15% 
DOPS (composition 0). With lipid to DNA ring ratio remaining the same, replacing PEG-2k-
PE with DOPC (composition 1) resulted in main products with slightly smaller buoyant 
density, as characterized by isopycnic centrifugation. Using nearly 100% DOPC 
(composition 2) resulted in products with almost the same buoyant density as those made 
from composition 1. Further, with ~90% DOPC and 10% positively charged DOTAP 
(composition 3), products were shifted to even lighter fractions in the density gradient 
(Supplementary Figure S10). TEM analyses revealed these products with smaller buoyant 
density as DNA-membrane complexes with liposomes larger than the DNA rings. Therefore, 
lipid composition significantly affected the yield of the templated liposomes. In particular, a 
lipid with bulky (e.g. PEG-2k-PE) or negatively charged (e.g. phosphatidylserine) head 
groups appeared to limit the overgrowth of the liposome, while a positively charged lipid 
(e.g. DOTAP) did the opposite. However, the yield of templated liposomes can be rescued 
for lipid composition 1, 2 and 3 when the lipid to DNA ring ratio was reduced to half (i.e. 
~94,000:1, Supplementary Figure S10). Thus the lipid concentration may also affect the 
liposome formation kinetics and outcome. In addition, we replaced DOPC in composition 0 
with high-transition temperature lipid DPPC and cholesterol, and were able to generate 
templated liposomes with a comparable yield (composition 4 in Table 1, Supplementary 
Figure S10). Thus the DNA-templated vesicle assembly approach is deemed effective in 
producing size-controlled liposomes across a range of lipid compositions.
We further demonstrated that the DNA ring can be enzymatically removed from the 
templated liposome with minimal effect on the liposome size. As shown in Figure S11, the 
liposomes formed inside the 60-nm rings remained largely unchanged (63.0±9.1 nm vs 
58.1±8.3 nm) after ring removal by DNaseI. The slight (~8%) increase in observed diameter 
can be attributed to a more severe liposome deformation without the DNA template during 
TEM sample preparation. While liposomes made of composition 0 (containing 5% PEG-2k-
PE) maintained their homogeneity for 2 weeks with or without DNA template, liposomes 
made of composition 1 (containing no PEG-2k-PE) aggregated and fused within 4 hours 
after the template removal (Supplementary Figure S11). Therefore, the liposome stability 
appeared to be governed by the steric protection (repulsion) posed by PEG-2k-PE and the 
van der Waals attraction between zwitterionic DOPC molecules. Such vesicle stability 
dependency on lipid composition is consistent with previous reports41–43.
After producing monodispersed liposomes with pre-defined sizes, we studied the DNA-ring 
templated liposome formation mechanism using two approaches. First, the stoichiometry 
and spatial positioning of the anti-handle modified lipid molecules relative to the DNA ring 
were systematically varied and the subsequent changes in the liposome formation were 
characterized. Second, the dialysis process was stopped at various time points to capture 
critical intermediates during membrane self-assembly.
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The modularity and addressability of the DNA-origami structure allowed us to readily 
change the number and position of the DNA handles (and hence the anti-handle modified 
lipid). For instance, variants of the 60-nm ring can be designed to carry 0–16 inner handles 
for lipid attachment. As described above, rings without inner handles resulted in no 
association between the ring and vesicle. Further, the vesicle formation results were 
compared among rings bearing 2, 4, 8 and 16 pre-attached lipid molecules (lipid seeds) 
inside. After isopycnic centrifugation, the quantities of the DNA rings in fraction 1–7 were 
plotted in Figure 3a. It is obvious that the yield of a ring with a liposome of desired size (F3 
& F4) positively correlates with the number of lipid seeds inside the ring. For example, a 
ring with 2 lipid seeds gave merely 23% yield of desired product, a dramatic decrease from 
the 58% yield achieved by the ring with 16 seeds. Variants with different inner handles were 
designed based on the 46-nm ring and the same trend was confirmed (Supplementary Figure 
S12). Next, the position of the lipid seed was changed from the distal end to the proximal 
end of the handle/anti-handle duplex to bring the seeds closer to the 29-nm DNA ring. This 
change shifted the mean diameter of liposomes in F5 (the fraction containing the most DNA 
rings, Supplementary Figure S13) from 14 nm to 22 nm, matching well with the cartoon 
models shown in Figure 3b, where the lipid modified duplexes were considered as rigid rods. 
The lipid seed position was further changed from the inside to the outside of the ring. This 
was achieved by placing the handles on different DNA double helices of the ring (Figure 
3c). Four variants of the 46-nm ring were constructed for this purpose, each carrying 3 
handles forming 0°, 60°, 120° or 180° angles with the ring. With the lipid seeds inside 
(handles at 0° and 60°), most of the rings had liposomes formed within their boundaries, 
promoting the formation of templated liposomes. In contrast, with handles flipped (180° and 
120°), most rings had liposomes formed outside, causing the formation of aggregates. To 
illustrate this difference, the number of liposomes associated with a ring in one of the 
density gradient fractions (F4) is plotted in Figure 3c (more images in Supplementary Figure 
S14). It is obvious that the rings with lipid seeds inside favored the formation of a single 
liposome per ring while those with lipid seeds outside yielded a significant amount of three 
well-separated liposomes surrounding a ring. These findings lead us to the hypothesis that 
the self-assembly of templated vesicles is initially nucleated by the lipid seeds and is finally 
restricted by the rigid body of the DNA-origami ring.
To test our hypothesis, we performed a second set of experiments to capture the intermediate 
structures during the liposome formation. Based on previous mechanistic studies of vesicle 
reconstitution from lipid-detergent micelles44–48, we reasoned that the formation of the 
templated vesicles completes during the dialysis of OG. To determine the important time 
points of dialysis, radioactive OG was used to track the amount of detergent remaining at 0, 
0.5, 1, 3, 3.5, 5, and 16 hour. As shown in Figure 4a, the detergent concentration change 
followed a single exponential curve. After 1 hour of dialysis, the OG in the lipid-detergent 
mixture was diluted to 0.093%, equivalent to ~20% of the CMC; After 3 hours, the OG level 
dropped to background. Therefore, we imaged samples after 0, 0.5, 1, 1.5, and 16-hour 
dialysis and further categorized the DNA rings based on their lipid/detergent association 
states. For the purpose of this study, only the rings with clear boundaries were included for 
statistics (e.g. rings covered by a larger lipid/detergent aggregates were not counted in).
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We performed such mechanistic study on 60-nm rings, and again systematically varied the 
number of lipid seeds inside of each ring (0, 4, 8 and 16). As expected, DNA-rings without 
lipid seeds remained empty throughout the dialysis (data not shown). For the ring initially 
modified with 4 lipid molecules, the observations (Figure 4b) are as follows. Without 
dialysis (0.67% OG), rings lacked noticeable lipid attachment. After 30-min of dialysis 
(0.23% OG), in addition to such empty DNA structures, rings appeared to be decorated with 
a substantial amount of lipid. The DNA-lipid association at this stage mainly took two 
forms: most of the DNA rings bare a strip of worm like lipid-detergent micelle (mean 
thickness = 5.2 nm) on the inside, while some of the DNA rings appeared to be wrapped 
tightly by a continuous lipid bilayer (see Supplementary Figure S15 for more images). At 1 
hour (0.093% OG), the population of empty rings further decreased and more rings appeared 
to be associated with worm like micelles or wrapped by a continuous bilayer. After 1.5 hour 
dialysis (0.037% OG), aside from these intermediates, about one third of the DNA rings 
started to attach with one to four separated vesicles (mean diameter = 18 nm) on the inside. 
A small population of rings each fully filled with a liposome (Saturn-like structures) also 
emerged. Finally, with detergent completely removed after overnight dialysis, the majority 
of the rings were either fully filled with a single liposome or associated with a few separate 
vesicles, while a minority of rings remained empty. Other structures found at 0.5, 1 and 1.5 
hour were almost completely absent from the detergent-free mixture. When the number of 
lipid seeds per ring was changed to 8 and 16, similar observations were made with two 
exceptions after 1.5 hours of dialysis. First, in addition to associating with individual small 
liposomes, rings modified with 8 or 16 lipid seeds encompassed a toroidal membrane 
structure with a mean section diameter of 15 nm. Second, compared with rings having 4 
lipid seeds, more rings were fully filled after 1 hour of dialysis. This difference became more 
obvious after 1.5 hours and eventually resulted in a higher percentage of size-controlled 
liposomes in the final detergent-free mixture, which is consistent with our findings shown in 
Figure 3a.
Although extreme care has to be taken when interpreting the negative-stain TEM data, the 
following trends are obvious from the mechanistic study. First, the association between the 
DNA ring and lipid bilayer depends on the presence of lipid seeds, confirming their role as 
nucleation points. Second, the total mass of lipid associated with a ring increases 
continuously as the detergent concentration decreases, suggesting a gradual growth process 
as opposed to the direct capture of a liposome. Third, the formation of size-controlled 
liposomes (Saturn-like structures) accelerates when more lipid molecules were initially 
placed on the ring, suggesting that faster bilayer growth and merger can be driven by a 
higher number of nucleation sites packed in a confined space. These findings strongly 
supported our hypothesis of templated liposome formation (Figure 4c): The lipid seeds 
inside the DNA ring were initially stabilized by small clusters of lipid-detergent micelle 
(Figure 4c, top row); As the detergent concentration decreases, they merge and expand in 1-
D to form worm like micelles, which further expand in 2-D and curve up (in 3-D) to form 
lipid-bilayer structures resembling a doughnut (Figure 4c, middle row); Such intermediates 
become unstable when detergent is further diluted and eventually lead to the formation of 
liposomes inside the ring (Figure 4c, bottom row). The Saturn-like structures are favored 
when a high density of seeds are present within a rigid DNA frame.
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Discussion
In summary, we have presented a strategy to generate small unilamellar vesicles (SUV) 
through nano-templating. The programmable vesicle size, outstanding vesicle mono-
dispersity and versatility to produce SUVs with different lipid compositions are the most 
valuable features of this system. In addition, the liposomes self-assemble during a simple 
detergent removal process (e.g. dialysis as demonstrated here, or direct dilution/adsorption 
as explored by others46,48), making this method easily accessible to the general research 
community, and more importantly, compatible for loading cargos such as nucleic acids, 
antibody, and small molecules4. Other natural and synthetic amphipathic molecules could in 
principle be incorporated to functionalize and varietize the vesicles. The virtually complete 
OG depletion and the decent vesicle stability (lipid composition 0) are promising features 
that point to an outstanding membrane integrity5,46. However, unlike a template-free vesicle 
formation process, here the DNA nanotemplate dictates the outcome of membrane self-
assembly by providing a nucleation site to start lipid aggregation, a rigid structure to confine 
the vesicle growth, and an added mass to facilitate purification. In this work we focused on 
producing sub-100 nm vesicles at an analytical scale (up to ~100 μL of 0.9 mM lipid) to 
prove the concept. However, with the availability of 3D DNA nanostructures larger than 100 
nm49,50, it is conceivable that this nano-templating technique could be generalized to make 
large unilamellar vesicles with similar features. We note that this technique requires much 
improvement in cost efficiency, lipid recovery rate, and scalability to meet the needs of many 
biomedical applications (see Technical Notes in SI for further discussion). However, the 
method in its current form serves adequately to probe the mechanism of nucleated liposome 
growth and holds great promise in studying protein behaviors on membranes with defined 
curvatures.
In biological cells, membranes appear in different shapes and constantly change their 
chemical and physical properties to accommodate the cell’s needs to grow, divide, 
communicate, and maintain homeostasis. Now that we have established a method to guide 
membrane formation in vitro by DNA nanotemplates, we aspire to better understand and 
mimic such elegance of nature in our future studies. For example, membrane deforming 
proteins (e.g. SNARE, BAR-domain proteins) could be organized on the DNA template to 
mediate membrane remodeling and rigorously study protein-membrane interactions. Also, 
vesicles with non-spherical (e.g. tubular) shapes could be constructed using designer DNA 
templates. Moreover, reconfigurable DNA structures may be built to deform the membrane 
in a step-wise, controlled manner. Finally, more advanced membrane manipulation 
techniques based on a similar concept could open up new opportunities in biotechnology 
such as targeted drug delivery across a membrane barrier and programmable neuron 
communication.
Methods Summary
Preparation of lipidated DNA anti-handles
Thiol-modified DNA oligonucleotides (Integrated DNA Technologies) were treated with 
tris(2-carboxyethyl)phosphine (Sigma-Aldrich) for 30 minutes (20 nmole DNA per reaction) 
and immediately reacted with 0.4 μmole of 18:1 MPB PE (Avanti Polar Lipids) in aqueous 
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solutions containing ~2% OG (EMD Millipore) at room temperature for 45 minutes. Such a 
reaction mixture was then diluted 2-fold, added to 0.6 μmole of pre-dried lipids, agitated and 
dialyzed overnight in order to incorporate lipidated DNA molecules into liposomes. The 
conjugation products were separated from unconjugated DNA via isopycnic centrifugation 
in iodixanol gradients (Cosmo Bio USA) and later analyzed by SDS-polyacrylamide gel 
electrophoresis.
DNA-origami ring design and preparation
The DNA-origami rings were designed using caDNAno (caDNAno.org). Inner and outer-
handle sequences (21-nt) were generated by NUPACK (nupack.org) and manually added to 
the 3′-ends of the appropriate staple strands. DNA scaffold strands (3024-, 7308-, 7560-, or 
8064-nt) were produced using E.coli and M13-derived bacteriophages. Staple strands were 
synthesized by Integrated DNA Technologies. The DNA rings were assembled from a 
scaffold strand (50 nM) and a pool of staple strands (300 nM each) in 5mM Tris•HCl, 1 mM 
EDTA, pH 8.0 with 10 or 12 mM of MgCl2 using a 36-hour thermal annealing program. 
Correctly assembled DNA nanostructures were purified via rate-zonal centrifugation in 
glycerol gradients as described previously36.
Preparation of DNA-ring templated liposomes
DNA rings were first labeled with lipidated anti-inner-handles and Cy5-modified anti-outer-
handles in one-pot hybridization mixtures containing 1% OG. To form DNA-ring templated 
liposomes, 15 μL of 1× hydration buffer (25 mM HEPES, 400 mM KCl, 10 mM MgCl2, pH 
7.5) and 5 μL of 15 mM rehydrated lipid mixture (compositions shown in Table 1) were 
added to 40 μL of 10 nM lipid- & Cy5- labeled DNA ring. The solution was gently shaken 
for 30 minutes at room temperature, diluted with 60 μL of 1× hydration buffer containing 
0.67% OG, put into a 7kD molecular weight cut-off dialysis cassette (Thermo Scientific), 
and dialyzed against 2 L of 1× hydration buffer for 16 hours. The dialyzed solutions were 
subjected to isopycnic centrifugation in iodixanol gradients. Recovered fractions were 
analyzed by SDS-agarose gel electrophoresis to determine to their contents. Optionally, 
DNase I (Thermo Scientific) was used to remove DNA rings per manufacturer’s 
recommendation.
Electron Microscopy
Negative-staining was achieved by adsorbing ~5 μL of sample on a glow-discharged 
formvar/carbon coated copper grid (Electron Microscopy Sciences) and staining with 2% 
uranyl formate. Imaging was performed on a JEOL JEM-1400 Plus microscope operated at 
80kV. Samples for cryo-EM were first concentrated using centrifugal filters with 30-kD 
nominal molecular weight limit (EMD Millipore) to remove iodixanol and achieve ~50 nM 
DNA-ring concentration. The concentrated samples were then adsorbed on glow-discharged 
holey carbon grids (Quantifoil MicroTools GmbH), which were subsequently washed with 
buffer solution with 10% reduced salt concentration, blotted, and flash frozen in liquid 
ethane using FEI Vitrobot. Imaging was performed on an FEI Tecnai-F20 microscope 
operated at 200kV.
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Time-course study of liposome formation
To determine the remaining OG concentration at various time points during dialysis, 1.8 μL 
of ~0.01% 14C-labeled OG (American Radiolabeled Chemicals) were added to a 360 μL 
solution containing ~6.7 nM lipid-labeled DNA ring, ~2.5 mM extra lipid and 0.67% non-
radioactive OG. After 1-hour agitation, 10 μL of the mixture was set aside; the rest was 
diluted to ~760 μL in 1× hydration buffer with 0.67% non-radioactive OG and split into six 
cassettes for dialysis against 1× hydration buffer. Using a scintillation counter (Beckmann-
Coulter), the radioactivity of the mixture after 0-, 0.5-, 1-, 3-, 3.5-, 5- or 16-hour dialysis was 
measured. The remaining OG concentrations were then calculated based on those 
measurements. In order to capture intermediates during detergent removal, a similar 
liposome formation protocol was used with non-radioactive OG and the dialysis was stopped 
after 0, 0.5, 1, 1.5 or 16 hours. Such dialyzed solutions were fractionated after isopycnic 
centrifugation and characterized by SDS-agarose gel electrophoresis and negative-stain 
TEM. Gel and TEM images were analyzed manually using ImageJ (National Institute of 
Health).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Scheme of generating size-controlled vesicles by nano-templating. First, a DNA-origami 
ring (red) carrying multiple single-stranded extensions (empty handles) is constructed. 
Second, DNA anti-handles (oligonucleotides with complementary sequence to handles) are 
chemically conjugated to DOPE and incubated with the DNA ring to allow hybridization. 
Chemical structure of the lipidated anti-handle (green curl with orange arrowhead) is shown 
at the bottom of the figure. Third, the ring with occupied handles is mixed with extra lipid 
and detergent and dialyzed to allow vesicle formation. Desired product (liposomes with their 
size determined by the DNA template) is purified via isopycnic centrifugation. Finally, the 
vesicles (grey bubbles) can be released from the DNA ring, giving rise to a pool of 
liposomes with better homogeneity than those prepared by traditional methods such as 
extrusion.
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Figure 2. 
Characterization of DNA templated liposomes. (a) The general workflow: resolving the 
density gradient fractions by agarose gel electrophoresis and imaging the fractions with 
TEM. Fractions are numbered sequentially from F1 to F12 from the top to the bottom of the 
gradient. A typical gel image is shown along with representative TEM images of fractions 
2–7. A lipid-free 60-nm DNA ring is also shown for comparison. Note that the Cy5-labeled 
DNA ring and Rhodamine(B)-labeled lipid ran as two separate bands due to the presence of 
SDS during electrophoresis. (b) Cryo-EM images of liposomes formed inside 60-nm DNA 
rings after purification. (c) Representative TEM images of liposomes formed inside 29-, 46-, 
60- and 94-nm DNA rings after purification. For each ring size, a cartoon model is shown on 
the left with corresponding TEM images shown on the right. Note that the cartoon models 
are drawn to scale with respect to one another. (d) Size distribution of templated vs extruded 
liposomes measured from negative-stain TEM images. Histograms of five liposome species 
are normalized to the same scale and fitted to Gaussian distribution curves. Fitting results 
(mean±std, weight) and sample size (N) are noted in the insets. Scale bars: 50 nm.
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Figure 3. 
Effect of initial lipid seed placement on final vesicle formation. (a) The lipid-seed number 
inside a 60-nm ring versus the yield of size controlled liposomes. The 3D bar graph is 
plotted based on the amount of DNA in each post-centrifugation fraction as measured by the 
DNA band intensity after gel electrophoresis. Fractions 3 and 4 (F3 and F4) contain 
liposomes with a designated size. Cartoon models of the four DNA ring constructs are 
shown on the right of the bar graph. (b) A comparison between two 29-nm rings with lipid 
seeds placed at different distances away from the inner edge of the ring. Representative 
TEM images and size distribution histograms are taken from the fraction that contains the 
most DNA rings. (c) Vesicles assembled on 46-nm rings with lipid seeds inside or outside of 
the ring. The assembly products are sorted into five categories based on the number of 
vesicles per ring (A= aggregates). Representative TEM images of each category are shown 
in a table and the occurrences of all types of product are plotted as a 3D bar graph. Data are 
taken from the same fraction for all four ring species. Scale bars: 50 nm.
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Figure 4. 
Vesicle formation mechanism studied by capturing intermediates during dialysis. (a) 
Detergent removal monitored by the remaining radioactivity of 14C-labeled OG at different 
time points. Error bars represent the standard deviations of 2–4 measurements. Dotted line is 
a fit using a single-exponential decay curve. (b) Top: A table summarizing the intermediates 
and final products. Cartoon models (lipid seeds are not drawn for clarity) and their color 
codes used in the bar graphs are shown on top of the corresponding TEM images. Scale 
bars: 50 nm. Bottom: Bar graphs illustrating a quantitative measure of all structures found at 
different time points (0, 0.5, 1, 1.5 and 16 hour) during the dialysis of rings with 4, 8 and 16 
lipid seeds inside, 273≥N≥85. (c) A schematic diagram illustrating the hypothesized 
mechanism of the size-controlled liposome formation templated by a DNA ring. Cartoon 
models of starting material, intermediates and final products are shown in the top, middle 
and bottom rows, respectively.
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